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[bookmark: _Toc122279074]Introduction

Computer Aided Engineering (CAE) refers to the use of computer software to simulate real-world performance, enabling the improvement of a product or resolve an engineering problem. It has become a standard practice in many industries. CAE is largely based on the Finite Element Method (FEM), which is an analytical problem-solving technique.  It is thought that its use dates back as far as the 1940s. In the 1960s, complex calculations were all solved by hand,  but by the 1970s John Swanson automated the process, founding the software which would become Ansys (Carolo, 2020).  Ansys is now the preferred software for many due to its multiphysics capabilities, online documentations, and its popularity both within industry and academia (Lee, 2019).
In this report, a study using the Finite Element Analysis (FEA) software Ansys, will be conducted on a crankshaft and piston assembly.  Several studies are undertaken, including a rigid dynamic, static structural and steady-state thermal.  Before these studies are undertaken, the capability of the software must first be tested.  This is achieved by carrying out tests in simple scenarios, where an analytical solution can also be found. This is known as validation (McCaslin, 2021).
Factors such as geometry, mesh sizing and type, boundary conditions, simplifications, types of loading, and many others should all be factors to be considered when using FEA software such as Ansys to re-create the most realistic environment, and therefore accurate results.

The geometry of real-world structures is often far too complex for manual solutions (Bi, 2018). FEA is used to break down such complex structures into smaller manageable components, known as nodes, where a solution can be found easily. These nodes are interpolated representations of real-life scenarios that are represented by mathematical equations and can be solved computationally (Verma, 2012). The accuracy of the results will be in direct correlation with how accurately the structure is represented. Therefore, it is of vital importance that the structure is represented as accurately as possible.

FEA now plays a crucial role in the engineering design process.  FEA provides several benefits - virtual testing can be conducted quickly and cost effectively, the need for prototyping is reduced and consequently, the need for additional equipment, reducing costs further.  The final design of a structure can be guaranteed, which reduces the need for alterations and the costs associated with these (Bahman & Iannuzzo, 2018).

The result of a simulation is influenced by several factors, such as the geometry of the structure, the type of solver used, how it is discretised, the boundary conditions that are set, and what material properties are used.

This study aims to prove the effectiveness of Computer Aided Engineering as a pre-production analysis tool, using Ansys. 

[bookmark: _Toc122279075]Validation

Before any software of this type is used, it must be determined whether it will give realistic results. This can be achieved via validation, using a simple test case where an analytical solution can be solved and then replicating the study on the software, in this case Ansys. Other impacts should also be considered, such as mesh sizing, the dimensions of the sample and the material used.


[bookmark: _Toc122279076]Mechanical deformation

There are various examples of simple verification available online. In this case, data from Dlubal (Dlubal, 2022) is used to determine the total deformation of a cantilever beam under uniform loading. The strip model has the following dimensions and loading:  
[image: ][bookmark: _Toc122289764]Figure 1 Geometry and loading parameters of the validation example





The analytical result for this study showed a total deformation of 157.143mm. Recreating the test in Ansys, a mesh size of 5mm was used initially.
[image: ]
[bookmark: _Toc122289765]Figure 2 Solution of the validation case showing total deformation
The resulting total deformation was calculated at 157.15mm.  This is a difference of roughly 0.0044%, which would be acceptable within industry.  Subsequently, a mesh size of 1mm was used, with the same results. 



[bookmark: _Toc122279077]Thermal

A thermal validation study was conducted using an example from Dlubal (Dlubal, 2017) once again, with analytical solutions available.  This example uses a bimetallic strip fixed at one end, with the following dimensions and thermal loading.
[image: ]
[bookmark: _Toc122289766]Figure 3 Geometry and loading parameters of thermal validation example
The boundary conditions and geometry were imported into a static structural study within Ansys, with the correct materials assigned to each strip.  It is worth noting that Ansys sets the ambient temperature of the environment to 22°C.  Therefore, to achieve the correct temperature difference, a magnitude of 122°C should be used.
Due to the simple geometry of the strip, a 0.5mm mesh was used.
[image: ][bookmark: _Toc122289767]Figure 4 Solution of the thermal example showing total deformation

The analytical solution for the study shows a maximum deformation of 7.049mm, with the solution produced by Ansys showing a maximum deformation of 7.123mm, a difference of just 1%.  Changing the mesh size to 0.2mm returned a total deformation of 7.121mm.

It can be concluded that for simple geometries such as the cases shown above, mesh independence is easily achieved, demonstrating that the mesh has no significant impact on the results.  When a point of mesh independence is reached, the largest mesh possible may be used as it will save time and generate the same results. 
These validation examples successfully prove that, in a static structural study, a constraint and thermal condition can be used to create a thermo-mechanical simulation, thermal loading, and mechanical deformation. Thus, proving from a validation perspective that the software will accurately model a thermo-mechanical condition. 

These examples also test the basic principles of the software. It can be presumed that, in theory, there is no reason for the software not to be able to solve a more complex case with reliable results.
[bookmark: _Toc122279078]Simplification

Creating an accurate geometry model for a FEA study is a very important step, however, there is a fine balance between creating a model that will take an excessive amount of time to process and oversimplifying a design, which will not return accurate results.  Unnecessary details such as fillets and rounds can often be removed,  as square edges are easier to generate a mesh in FEA programmes such as Ansys. Overcomplicated designs can cause poor quality meshing, inefficient simulations, and inaccurate results (Ferris, 2020). 

[bookmark: _Toc122279079]Piston study

There are many types of solvers available in Ansys. This study is focussed on creating a fully linked system using a rigid dynamic, static structural, and steady-state thermal study on a crankshaft and piston assembly to determine the loads acting on the piston and crankshaft.  

[bookmark: _Toc122279080]Material selection
         
First, the engineering data that will be used for the study must be created. In this case, 6061 T6 aluminium was chosen for the piston and structural steel for the rest of the assembly. Correctly defining the material being used in a study is essential. Without the correct data, the entire study will not be accurate, or may not be able to solve at all. It is also important to ensure that all values are in the correct units.

[image: Text

Description automatically generated]Material properties:[bookmark: _Toc122289768]Figure 5 Material properties of 6061 T6 aluminium

Thermal Conductivity: 166 W/m.K
Thermal expansion: 2.36E-05°.C^-1
Density: 2.7 g/cm³

 



[bookmark: _Toc122279081]Boundary conditions

For any FEA study, boundary conditions are a crucial part of setting up a simulation accurately.  Boundary conditions are used to represent the effect on other parts or structures that are not directly modelled in an analysis (ANSYS, 2022). Incorrect boundary conditions can result in inaccurate simulation, and therefore, inaccurate results. 
The following boundary conditions were used for this study:
Structural boundary conditions: 
Max Pressure: 104 Bar

Thermal boundary conditions: 

Heat transfer coefficient in W/m².°C			Temperature (Celsius/ °C)
Crown: 497.5						928.5
Crown side: 447.5					425
Top and middle groove: 437.5				190	
Oil groove: 338.75					163.75
Underskirt: 675						91.25
Skirt: 462.5						107.5


[bookmark: _Toc122279082]Rigid dynamics

A rigid dynamics study was created to calculate the maximum forces that the piston is subjected to at a velocity of 4000 RPM. 

It is important to correctly set up any simulation. Using a rigid dynamic study there are several parameters that should be checked.  All components should be set to rigid, and the assembly should be connected by the relevant joints. In this study, several revolute joints were used to enable the assembly to behave correctly. The various joints are displayed in the figures below.
[image: A screenshot of a video game
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[bookmark: _Toc122289769]Figure 6 First joint
[image: A picture containing diagram

Description automatically generated] [bookmark: _Toc122289770]Figure 7 Second joint
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[image: Diagram

Description automatically generated]A ground-to-crankshaft joint is used to limit the axis in which the crankshaft can rotate. In the above figure, the crankshaft can only rotate around the Z axis.[bookmark: _Toc122289772]Figure 9 Grounded joint

Finally, a ground-to-piston joint is used to limit the movement of the piston along the Z axis only.
[image: Chart

Description automatically generated]These joints create realistic conditions for the assembly to move as it would in reality. [bookmark: _Toc122289773]Figure 10 Grounded piston joint


After the joint constraints have been created, a load is then applied through the assembly.  This is achieved via a rotational velocity of 4000 RPM through the ground-to-crankshaft joint.

For this study, the forces between the piston and gudgeon pin were calculated.

When setting up the Ansys solver, it is important to set the parameters correctly to show the desired information.  Here, only a small window of the information is useful, so an end-step time of 0.05 seconds was used with a time step of 0.0001 seconds. The study is now fully configured and can be solved.  The graph shown below shows the result of the study. The duration of the solver appears to be satisfactory, and a longer period would not have provided any additional information. 
[image: ][bookmark: _Toc122289774]Figure 11 Solution graph of the rigid dynamics study

The graph clearly displays the maximum and minimum loading of the assembly.  In this case, the area of interest is where the maximum loading occurs. The loads at that point are those that would occur in the worst-case scenario and therefore are the loads that are of interest in this study. The data captured is saved so it can then be used later in the static structural study.

[bookmark: _Toc122279083]Thermal study

[image: Chart, surface chart

Description automatically generated][image: Diagram

Description automatically generated]A steady state thermal study was carried out on the piston.  Several convection inputs were applied in accordance with the thermal boundary conditions listed above. A mesh must be generated to accurately represent the piston geometry, with a 4mm mesh used in this case. Once the inputs are correctly applied, a solution can be generated to create a temperature profile of the piston, which can then be used in a static structural study.[bookmark: _Toc122289775]Figure 12 Thermal loading applied to the piston
[bookmark: _Toc122289776]Figure 13 Angle 2 of thermal loading applied to the piston


The above shows the temperature profile created by the solver, with a maximum temperature of 329.3°C on the piston crown.  This is to be expected, as the crown surface is where combustion takes place.

[bookmark: _Toc122279084]Static structural
 
Once the resulting mechanical and thermal forces on the piston are known, a static structural study can be built.

A 4mm mesh was created, with a 2mm mesh across the crown face using the face sizing tool.  This allows a better represented  geometry where high forces are being applied. Total deformation and equivalent von-Mises stress were studied.  



[bookmark: _Toc122279085]Mesh influence

In FEA the meshing type and sizing is of critical importance,  as the accuracy of the result obtained from a study is determined by the size of the mesh.  The size of the mesh is directly related to how accurately the model is represented by the mesh (Dutt, 2015).  A smaller mesh size will usually result in a higher accuracy, whereas a larger mesh size will obtain a less accurate result. As well as the importance of the size of the mesh, how it is applied also has a significant effect on the result of a study. Finer meshes are more computationally intensive, requiring more equations to be solved at each step, and requiring higher memory usage, taking longer to solve.  It is therefore important to have a balance between mesh sizes (Lamendola, 2022).  Tools such as face sizing in Ansys can be useful to create a good balance, allowing larger mesh elements to be used away from areas of high stress concentration or loading, and a finer mesh being used in complex areas of geometry with high stress or loading to increase the accuracy of the representation.
How the elements transition from different faces also influences mesh quality.  A slower transition will create a more accurate representation on complex geometries.

For the study simulated above, several different meshes were generated, from 8mm to 1mm. 
[image: ][image: ]
[bookmark: _Toc122289777]Figure 14 Mesh size comparison data

[image: ]
[bookmark: _Toc122289778]Figure 15 Stress plotted against mesh size

The figure above shows that there is a 21% variation in stress results between the 8mm mesh and 1mm mesh, with an average trend of a higher value as the mesh size is reduced. The only size that did not coincide with this trend was with the 2mm mesh, returning the second lowest stress value. The 1mm mesh was the longest to solve, taking over an hour to complete.  Considering the anomaly result of the 2mm mesh, and the long solve time of the 1mm mesh, a 4mm mesh with 2mm face sizing in high loading areas, such as the crown face and oil groove, was used for the final results.  
The different mesh sizes had very little effect on the deformation results, with a 0.2% difference between the minimum and maximum results. 




[bookmark: _Toc122279086]Analyses

Observing where the maximum stress occurs on the piston, it appears that the highest stress is located around the lower oil groove edge, with a maximum stress value of 2201.8MPa.  
[image: ][bookmark: _Toc122289779]Figure 16 Stress loading on piston


 








Upon closer inspection, the maximum stress areas are located around the edges of the mesh nodes.  This could be a case of what is known as stress singularity, which are artificial areas of unusually high stresses and can be caused by geometry features such as sharp corners or edges (Lamendola, 2022). To eliminate this possibility, an average value was taken across 40 different locations, using the probe feature.  The average result obtained was 1460.851MPa.
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[bookmark: _Toc122289780]Figure 17 Close-up view of the maximum stress area
[bookmark: _Toc122289781]Figure 18 Total deformation
[bookmark: _Toc122289782]Figure 19 undersize of piston

[image: A picture containing shape

Description automatically generated][bookmark: _Toc122289783]Figure 20 Underside of total deformation

Looking at the deformation, the main area of deformation is on the crown face, where combustion takes place, which is as expected.


[bookmark: _Toc122279087]Modified version of piston

[image: Chart, shape, surface chart

Description automatically generated][image: Diagram

Description automatically generated with medium confidence]Due to the area of maximum stress being located on the edge of the oil groove, a fillet was added to curve the edge of the face.  This reduced the maximum stress to 1382.9MPa.  However, this shifted the area of maximum stress to another area, which could also have been caused by stress singularity. Therefore, the average stress across 40 different points was taken once again using probes, returning an average result of 1071.173MPa.[bookmark: _Toc122289784]Figure 21 Close-up view of maximum stress of modified piston
[bookmark: _Toc122289785]Figure 22 Stress acting on modified piston
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Description automatically generated with low confidence][bookmark: _Toc122289786]Figure 23 Deformation of modified piston
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The maximum deformation for the modified piston is 0.37187mm, a difference of 1.6% compared to the original design. The pattern of deformation also appears to be very similar to the original design, which strengthens the reliability of Ansys in creating repeatable results. To further supplement the reliability of the solution, the deformation plot can be compared to another study, shown in figure 25, by Cioată et al (2017). Although the study is completely different, using different materials, loadings etc, the deformation in the model shown in figure 25 is distributed in roughly the same manner.

[image: ][image: ][bookmark: _Toc122289787]Figure 24 Total deformation of piston
[bookmark: _Toc122289788]Figure 25 Total deformation of a piston studied by Cioata et al (Cioată et al., 2017)














[bookmark: _Toc122279088]Software

There are many types of FEA software available, such as Inventor, Abaqus, Fusion 360, Ansys, and Solidworks, among others.  Ansys was one of the first companies to develop and commercialize CAE software.  Each software has advantages and disadvantages. For example, Solidworks is primarily aimed at Computer Aided Design (CAD) and therefore does not perform as well as in a CAE environment as other softwares available (Magomedov & Sebaeva, 2020). Ansys is known for its excellent meshing capabilities for both the modelling and simulation of workflows, and for meshing complex parts (Lamendola, 2022).  Some softwares address certain studies better than others, and consequently the software used for a particular type of study should be researched prior to the study. 
A study conducted by Magomedov and Sebaeva(2020) compared four different FEA softwares, concluding that out of the four tested, Solidworks was the least capable for FEA applications. The table below shows the capabilities of each of the softwares tested. 
[image: ] [bookmark: _Toc122289789]Figure 26 Graph showing each software's capability (Magomedov & Sebaeva, 2020),


     



[bookmark: _Toc122279089]Limitations


As with any engineering tool, there are various limitations that should be considered and accounted for.

For this study, the piston has a uniform smooth surface with no defects.  In reality, the piston will be mass produced via casting or a similar process. This will result in a rough surface and imperfections, which are not accounted for in a simulation, introducing errors. 

The weak springs feature is used to “fix” the piston in place instead of using fixed constraints, which would not be an accurate representation of the piston and therefore not return reliable results. However, using the weak springs feature is still not an accurate representation, but introduces less error than using a fixed constraint.  In reality, the piston would be fixed to the gudgeon pin, which would have a certain amount of flex, and therefore impact the forces going through the piston.  




[bookmark: _Toc122279090]Conclusion


The aim of this study was to improve the design of the piston.  This was achieved by reducing the stress where the maximum stress occurred.  Reducing stress concentrations on the piston is important, as high stress will cause increased wear of the surface, and eventually lead to failure of the piston. To eliminate the possibility of stress singularity, the stress was measured across 40 points around the high stress area, and the average calculated. This was also applied to the modified version of the piston.  The average values for the original piston design and modified piston design were 1460.851MPa and 1071.173MPa respectively.  This results in a reduction of 389.678MPa on the modified design, thus proving that Ansys can successfully be used as a CAE tool to improve engineering design.

Whilst Ansys is a useful engineering tool, it is not without its limitations. Correctly setting up the software, from defining the material used to applying boundary conditions, meshing the structure accurately, using the correct analysis settings, and setting up a solution that shows the desired information, all require in-depth knowledge of the software. Even a minor mistake at any stage of the process can result in an inaccurate representation of the structure being studied, and therefore produce inaccurate results and solutions.    
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